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the HighwireMolecules that suppress memory formation protect against the consolidation
of inaccurate information. A recent study in Drosophila has identified a new
pathway for memory suppression and the neurons that are a gateway to
long-term memory formation.Shixing Zhang and Gregg Roman
Making lasting memories is a bit of
a balancing act. The adaptive value of
being able to recall valid and useful
information is quite high [1], but
remembering untrue or irrelevant
information is likely to be maladaptive
[2]. The challenge for memory systems
is to consolidate the former while
filtering out the latter. In many learning
paradigms, the formation of long-term
memories requires salient stimuli
presented over multiple trials, leading
to protein-synthesis-dependent
memory consolidation [3]. However,
some memories, especially those
involving food, are more quickly
learned and can lead to
protein-synthesis-dependent
long-term memory after a single trial
[4]. So memory systems balance the
need to protect against false memories
and the need to prioritize and quickly
consolidate advantageous memories.
Essential to this balancing act are the
proteins that inhibit memory formation.
Memory suppressor proteins act to
constrain memory formation, helping
to guard against the consolidation of
maladaptive memories [2]. Identifying
these memory suppressors and
understanding the system level
functions for these pathways are
essential for deciphering how
memories form, and should help further
the development of cognitive
enhancers. A new study by Huang et al.
[5], reported in this issue of Current
Biology, identifies the E3 ubiquitin
ligase encoded by the highwire (hiw)
gene as a suppressor of long-termmemory (LTM) formation in Drosophila.
The group found that Hiw, its target
Wallenda (Wnd), and the downstream
protein Basket (Bsk) control the
amount of training required for the
consolidation of long-term olfactory
memories. This group further identified
the neurons where hiw functions and
showed that they have a specific
consolidation function in the LTM
circuit.
The Hiw–Wnd–Bsk signaling
pathway may censor and shepherd
LTM formation through the regulation
of pro-synaptic functions (Figure 1A).
Wnd is a MAP kinase kinase kinase
most closely related to the vertebrate
dileucine zipper kinases [6]; it acts
upstreamof Bsk, a JNK-like kinase with
a role in synapse formation [6]. The
activities of both these kinases
promote synaptogenesis in the
Drosophila larval neural muscular
junction through the activation of the
D-Fos transcription factor [6,7]. Hiw
negatively regulates synaptic growth
by targeting Wnd for degradation [6,7].
In establishing a role for the
Hiw–Wnd–Bsk pathway in LTM, Huang
et al. [5] used the well-established
olfactory conditioning paradigm [5].
In this paradigm, a single training trial
consists of pairing an odorant with
either a punishment (electric shock) or
reward (sugar) [8]. After learning this
association, the flies either avoid the
shock-paired odorant or are attracted
to the sugar-paired odorant. The
negatively reinforced olfactory LTM
can be induced by multiple trials of
odor-shock pairing with 15 minutes
spacing between trials and last asmuch as seven days [3]. In contrast,
a single pairing of an odor with sugar
will result in long-term memories [4].
Both forms of long-term memory share
a requirement for protein synthesis and
require the mushroom body neurons
within the central brain [3,4,9].
Huang et al. [5] identified hiw in
a forward genetic screen for mutations
that affect LTM [5]. Amazingly,
negatively reinforced LTMwas induced
after only a single training trial in flies
homozygous for hiw loss-of-function
mutations or after the expression of
a hiw dominant negative transgene.
Learning and shorter-term memories
were unaffected in the hiw mutants.
Moreover, the overexpression of hiw
inhibited the formation of negatively
reinforced LTM induced by spaced
training, establishing this protein as
a suppressor of LTM. Hence, the hiw
gene product controls a tipping point
for LTM formation.
Similar to synaptogenesis, the
facilitation of LTM formation by loss
of Hiw function is achieved by
up-regulation of Wnd and Bsk activity
[5,6]. Wnd levels increase in the hiw
mutants, consistent with the absence
of ubiquitin-targeted degradation.
Downregulation of wnd or bsk activity
removes the more facile consolidation
of LTM found in hiw inhibited flies and
the overexpression of wnd enhances
the formation of LTM after one training
trial, showing that Wnd is both
necessary and sufficient for the
facilitation of LTM in hiw mutants [5].
The requirement for Hiw–Wnd–Bsk
to regulate progress into LTM is
located within the a/b core neurons of
the mushroom body (Figure 1B). The
mushroom body axons form the
structures a, a0,b,b0 and g lobes, which
are thought to have distinct functions in
learning and memory formation
[4,10,11]. The axons of the a/b neurons
project into the vertical a and horizontal
b lobes. The a/b core neurons are the
last born a/b neurons; the axons form
a thin core enwrapped by the older a/b
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Figure 1. The Highwire pathway acts within the a/b core mushroom body neurons to permit
the formation of long-term memories.
(A) A model for the control of LTM formation by Highwire (Hiw). The Hiw E3-ubiquitin ligase
targets the Wallenda (Wnd) Dileucine zipper kinase (DLK) for degradation. Events capable of
inducing long-term memory, such as multiple spaced training trials, are proposed to inhibit
Hiw leading to an increase in Wnd activity and the activation of the downstream Basket
(Bsk) JNK kinase [5]. Activation of Wnd and Bsk promotes synaptogenesis in the larval
neuronal muscular junction through transcriptional activation [6], but the effectors of this
pathway that gate LTM are unknown. (B) The Hiw–Wnd–Bsk pathway operates in the a/b
core neurons of the mushroom bodies to permit LTM formation. These neurons are a subset
of the a/b lobe neurons; the dendrites of the a/b lobe neurons are located within the calyx, and
the axons project into the vertical a lobe and horizontal b lobe. The DAL neuron is an important
site for CREB sensitive and protein synthesis-dependent long-term memory consolidation
[14]. The DAL neurons make synaptic connections with the dendrites of a different subset
of the a/b lobe neurons. It is proposed that increased Wnd activity in the a/b core neurons
acts upstream of the DAL neurons to permit consolidation.
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lobe neurons are important for the
formation of both positively and
negatively reinforced LTM and are
actively required during memory
retrieval [4,9,10,13].
Interestingly, reversibly blocking a/b
core neurotransmission with
a conditional dynamin mutant
(temperature-sensitive product of the
shibirets transgene) during acquisition
or retrieval did not impact negatively
reinforced LTM; however, blocking a/b
core neurotransmission during a period
of consolidation (6–18 h after training)
impaired LTM formation induced by
spaced training [5]. A similar disruption
ofa/b core neuron activity also disrupts
positively reinforced memories. So, the
consolidation of LTMs requires the
output of the a/b core neurons, and this
subset of the a/b neurons is not
required for LTM retrieval. Since Hiw
functions in these neurons to suppress
the progress of LTM formation, the
likely position of the a/b core neurons
upstream of memory consolidation in
the LTM circuit seems logical.
When thinking about the position of
the Hiw–Wnd–Bsk pathway in LTM
formation, it is useful to consider
protein synthesis. Inhibiting proteinsynthesis erases the LTM formed after
a single training trial in hiw mutant flies
[5]. Recently, a surprising paper from
the Chiang lab identified the two
Dorsal-Anterior-Lateral (DAL) neurons
as critical sites for protein synthesis in
negatively reinforced LTM [14]. Acutely
inhibiting protein synthesis in these
neurons with a conditional ricincs
transgene blocked the formation of
negatively reinforced LTM, but acutely
blocking protein synthesis in the
mushroombody did not [14]. As there is
no apparent protein synthesis
requirement in the a/b core neurons for
LTM formation, the Wnd–Bsk
activation is unlikely to activate D-Fos
and new synapse formation in these
neurons as it does in the larval
neuromuscular junction [6].
Neurotransmission from the DAL
neurons was also necessary during
retrieval of LTM, suggesting DAL
synapses are sites of memory
consolidation. The pair of DAL neurons
contacts dendrites of the first born a/b
neurons (Figure 1B) [14]. These
pioneering a/b mushroom body
neurons are physically separated from
thea/b core [15], andwe are unaware of
any direct connection between the a/b
core and the a/b pioneering neurons.At the moment, the Hiw–Wnd–Bsk
pathway stands alone in the a/b core
neurons, as neither an upstream
activator nor a downstream effector
has yet been identified. Future genetic
and transgenic analysis will likely
identify additional molecules that
operate within the a/b core to balance
the contrasting needs of memory
formation [16]. Imaging experiments
will help to determine how this pathway
affects a/b core activity, and potential
downstream circuits. However, the
flow of information during memory
formation and consolidation is unlikely
to be linear like a tightrope; more like
a spider’s web with recurrent and
parallel connections between
intrinsic and extrinsic mushroom
body neurons reinforcing and
consolidating these memories [11,17].
A significant remaining challenge is
to identify all the connections involved
in ‘‘gating’’ LTM formation, and the
molecular changes that permit
consolidation. Knowing the role of
the Hiw–Wnd–Bsk pathway in the
a/b core neurons for gating memories
provides a solid platform from which
to take the next step.References
1. Dukas, R., and Bernays, E.A. (2000). Learning
improves growth rate in grasshoppers. Proc.
Natl. Acad. Sci. USA 97, 2637–2640.
2. Mery, F., and Kawecki, T.J. (2005). A cost of
long-term memory in Drosophila. Science 308,
1148.
3. Tully, T., Preat, T., Boynton, S.C., and Del
Vecchio, M. (1994). Genetic dissection of
consolidated memory in Drosophila. Cell 79,
35–47.
4. Krashes, M.J., and Waddell, S. (2008). Rapid
consolidation to a radish and protein
synthesis-dependent long-term memory after
single-session appetitive olfactory conditioning
in Drosophila. J. Neurosci. 28, 3103–3113.
5. Huang, C., Zheng, X., Zhao, H., Li, M., Wang, P.,
Xie, Z., Wang, L., and Zhong, Y. (2012). A
permissive role of mushroom body a/b core
neurons in long-term memory consolidation in
Drosophila. Curr. Biol. 22, 1981–1989.
6. Collins, C.A., Wairkar, Y.P., Johnson, S.L., and
DiAntonio, A. (2006). Highwire restrains
synaptic growth by attenuating a MAP kinase
signal. Neuron 51, 57–69.
7. Xiong, X., Wang, X., Ewanek, R., Bhat, P.,
Diantonio, A., and Collins, C.A. (2010). Protein
turnover of the Wallenda/DLK kinase regulates
a retrograde response to axonal injury. J. Cell
Biol. 191, 211–223.
8. Roman, G., and Davis, R.L. (2001). Molecular
biology and anatomy of Drosophila
olfactory associative learning. BioEssays 23,
571–581.
9. Pascual, A., and Preat, T. (2001). Localization of
long-term memory within the Drosophila
mushroom body. Science 294, 1115–1117.
10. Isabel, G., Pascual, A., and Preat, T. (2004).
Exclusive consolidated memory phases in
Drosophila. Science 304, 1024–1027.
11. Krashes, M.J., Keene, A.C., Leung, B.,
Armstrong, J.D., and Waddell, S. (2007).
Sequential use of mushroom body neuron
subsets during drosophila odor memory
processing. Neuron 53, 103–115.
Dispatch
R92912. Strausfeld, N.J., Sinakevitch, I., and Vilinsky, I.
(2003). The mushroom bodies of Drosophila
melanogaster: an immunocytological and golgi
study of Kenyon cell organization in the calyces
and lobes. Microsc. Res. Tech. 62, 151–169.
13. Yu, D., Akalal, D.B., and Davis, R.L. (2006).
Drosophila alpha/beta mushroom body
neurons form a branch-specific, long-term
cellular memory trace after spaced olfactory
conditioning. Neuron 52, 845–855.
14. Chen, C.C., Wu, J.K., Lin, H.W., Pai, T.P.,
Fu, T.F., Wu, C.L., Tully, T., and Chiang, A.S.(2012). Visualizing long-term memory formation
in two neurons of the Drosophila brain. Science
335, 678–685.
15. Lin, H.H., Lai, J.S., Chin, A.L., Chen, Y.C., and
Chiang, A.S. (2007). A map of olfactory
representation in the Drosophila mushroom
body. Cell 128, 1205–1217.
16. Keene, A.C., and Waddell, S. (2007). Drosophila
olfactory memory: single genes to complex
neural circuits. Nat. Rev. Neurosci. 8, 341–354.
17. Tanaka, N.K., Tanimoto, H., and Ito, K. (2008).
Neuronal assemblies of the Drosophilamushroom body. J. Comp. Neurol. 508,
711–755.
Department of Biology and Biochemistry,
Biology of Behavior Institute, University of
Houston, Houston, TX 77204, USA.
E-mail: gwroman@Central.uh.eduhttp://dx.doi.org/10.1016/j.cub.2012.09.004Imprinting: DNA Methyltransferases
Illuminate ReprogrammingProgress in studying epigenetic reprogramming in plants has been impeded by
the difficulty in obtaining tissue for analysis. Now, using a combination of
fluorescent reporters and translational fusions, a new study sheds some light
on this process.Joseph P. Calarco1
and Robert A. Martienssen1,2,*
The importance of chromatin
modification has been well established
in the context of gene regulation and
transposon repression. Histone tail
modifications and DNA methylation are
two major hallmarks of epigenetic
regulation, and both have an intricate
relationship with small RNA biogenesis
and function [1]. Whereas epigenetic
changes in somatic cells can have
important consequences on an
individual, similar modifications in the
germline can affect multiple individuals
throughout many generations.
The epigenetic marks defined during
development must be reset in the
germline in order for the zygote to
acquire pluripotency and subsequently
to initiate embryonic development. This
principle is clearly illustrated in
mammals, where DNA methylation
marks are reset once during sperm
maturation, and again during early
embryo development [2,3].
Comparably less is known about
resetting epigenetic marks during plant
development, where different types of
DNA methylation might reflect different
aspects of transposon and gene
regulation. These different types of
methylation can be classified based on
the context of the methylated cytosine
(CG, CHG and CHH methylation,
where H represents any residue other
than G). The work by Jullien et al. [4]
published recently in Current Biology
providesmore insights into the process
of DNA methylation-dependentreprogramming through embryo
development. The authors combine the
use of fluorescent reporters and
bisulfite sequencing on a number of
loci in the developing embryo to show
a progressive increase in DNA
methylation through embryogenesis,
specifically in the CHH context. They
are also able to show a correlation,
through the use of fluorescent
translational fusions, between
the expression of DNA
methyltransfereases and the observed
methylation landscape.
Symmetric CG DNA methylation is
maintained in a replication-dependent
manner,duringwhichahemi-methylated
parent strand is used as a template to
direct methylation on the daughter
strand. DNA METHYLTRANSFERASE 1
(MET1), the plant homolog of Dmnt1,
performs this process. Furthermore,
CHROMOMETHYLASE 3 (CMT3),
a plant-specific methyltransferase,
performs CHG methylation in
a mechanism intertwined with lysine 9
methylation of the tail on histone H3
[5]. Though these are the proteins
principally involved in symmetric DNA
methylation, there are some other
homologous genes that participate in
this process and are redundant
with one another (specifically,
MET2, MET3, CMT1, CMT2). This
redundancy provides an additional
challenge to the elucidation of the
complete methylation mechanism.
Additionally, plants have another
type of DNA methylation, not as
prevalent as the symmetric
methylation described above, which isreplication-independent, and relies on
RNA-directed DNA methylation
(RdDM). The DNA methyltransferase
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METHYLASE 2 (DRM2; and its less
ubiquitous homolog DRM1) are
required for this process, as well as
specific RNA polymerase (pol IV and
pol V) subunits, NRPD1a, and
NRPE1a — both of which are also
involved in production and utilization
of 24nt siRNA [6]. Although the
elucidation of these mechanisms has
greatly increased our current
understanding of this type of
methylation, many questions still
remain.
Fluorescent DNA methyltransferase
DRM1 and DRM2 reporter lines have
revealed specific expression of DRM1
in the egg cell and increased
expression of DRM2 in the egg cell and
developing embryo. Insertional
mutants for DRM1 show no obvious
defect; however, its specific
expression in the egg cell, as reported
by Jullien et al. [4], suggests
a particular role for DRM1 at a discrete
stage in germline development, which
would be an interesting avenue for
future studies. The authors also
previously showed the absence of
maintenance DNA methyltransferases
in the egg cell and the absence of both
maintenance and de novo
methyltransferases in the central cell
[7]. This finding is in accordance with
the current view that DNA methylation
levels are dramatically reduced in the
endosperm. The situation is much
different in the developing embryo,
however, where the expression of
methyltransferases dramatically
increases. Now, the new results of
Jullien et al. [4] point to a very important
role for RdDM in de novo CG, CHG and
CHH methylation in the embryo.
The difficulty in isolating the different
cells of the female gametophyte has
resulted in an incomplete view of the
methylation landscape throughout its
